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soft-gluon effects

» Perturbative QCD predictions for semi-inclusive quantities
are sensitive to soft-gluon effects.

» Energy or momentum cuts — logarithms of hard scales.
Origin: the cancellation of real and virtual IR singularities.

> In the threshold regions where the real emission is kinematically
inhibited (soft) these scales are strongly ordered.
—> The logarithmic terms are strongly enhanced.
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soft-gluon effects

Perturbative QCD predictions for semi-inclusive quantities
are sensitive to soft-gluon effects.

Energy or momentum cuts — logarithms of hard scales.
Origin: the cancellation of real and virtual IR singularities.

In the threshold regions where the real emission is kinematically
inhibited (soft) these scales are strongly ordered.

—> The logarithmic terms are strongly enhanced.

agli ~ 1 — perturbative expansion spoiled. Fixed-order predictions
deviate significantly from the available experimental results.

A reliable evaluation of any cross-section in the near-threshold region
requires the all-order resummation of the large logarithms.
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resummation
o) ~ 60 C(ag) exp{L gi(asL) + g2(asL) + as gs(agl) + ...}
LL NLL NNLL
» The logarithmic structure is, to some extent, universal.

» C(ag): process-dependent constant terms,
— real corrections + (multi-loop) virtual corrections,
— fixed-order calculation: N*LO to control N*LL terms!
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resummation

o) ~ 50 C(ag) exp{L gi(asL) + ga2(asL) + as g3(asL) + ...}
LL NLL NNLL

» The logarithmic structure is, to some extent, universal.

» C(ag): process-dependent constant terms,
— real corrections + (multi-loop) virtual corrections,
— fixed-order calculation: N*LO to control N*LL terms!

» Resummed results are available in QCD and SCET, for hadron-hadron
scattering processes with 2 hard partons at LO, both for
q7 resummation [Parisi et al. '79, Curci et al. '79, Dokshitzer et al. '80, Bassetto et
al. '80, Kodaira et al. '82, Davies et al. '84, Collins et al. '85, Catani et al. '88, de
Florian et al. '01, Catani et al. '01, Bozzi et. al'06, Catani et al. '11, Becher et al. '11]
and for threshold resummation [Sterman '86, Catani et al. '89, Catani et al. '90,
Vogt '00, Catani et al. '01, Catani et al. '03, Moch et al. '05, Laenen et al. '05].

A.Torre 19 June 2014 4



» We focus on scatterings with 4 QCD partons at the LO.
» We calculate the NLO (logs and non-logs) enhanced corrections.

> See also:
[Kidonakis et al. '96, Bonciani et al. '98, Kidonakis et al. '98, Laenen et al. '98, Catani
et al. '98, Bonciani et al. '03] [Manohar '03, Idilbi et al. '06, Becher et al. '06, Becher et
al. '07, Ahrens et al. '08, Beneke et al. '09, Becher et al. '09]
[Laenen et al. '98, Catani et al. '98, Sterman et al. '00, Bolzoni et al. '05, Becher et al.
'09] [Kidonakis et al. '99, Becher et al. '11, de Florian et al. '05]
[Kidonakis et al. '96, Bonciani et al. '98, Laenen et al. '98, Almeida et al. '08, Beneke et
al. '09, Czakon et al. '09, Ferroglia et al. '09, Ahrens et al. 10, Ahrens et al. '11, Li et
al. '13] [Catani et al. '96, Kidonakis et al. '98, de Florian et al. '07] [Almeida et al. '09,
Kelley et al. '10] [Beenakker et al. '13] [Kidonakis et al. '10, Zhu et al. '10].
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how: soft and collinear approximations in QCD
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how: soft and collinear approximations in QCD

» Eikonal approximation in color space (V emitter a;):

(Mg (K)]> = —2masg Z p’pf MOT; T, MO,

1,11

v Fully factorised (4 phase-space factorisation in conjugate space).

v" Universal: the same expression whatever the emitter.
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how: soft and collinear approximations in QCD

» Eikonal approximation in color space (V emitter a;):

| Mg (k)| ——2m52<

ij=1

_PB O T M@

v Fully factorised (4 phase-space factorisation in conjugate space).

v" Universal: the same expression whatever the emitter.

I Non-soft collinear emission — Altarelli-Parisi splitting functions:

T2 1 T%(
—

]

pik1—2z;  pik

+ <regular as z;; — 1> |.
1—Z;j

I The sum of virtual, real and collinear counterterms (PDFs) is finite.

A.Torre 19 June 2014



1. single-hadron inclusive cross section

» At high pr: leading contributions at the partonic threshold.

h]. h2 — h3X aia N a3X

d0'h1h2h3 P; Z f. (1F) ®f (12F) ® (1) 2 d0'313233 (p LF Mf)

d3P3/E3 o aras h1/a1 ha2/a hs /a3 / 3. /. 0\PihHF,
\ dnd’pr
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1. single-hadron inclusive cross section

» At high pr: leading contributions at the partonic threshold.

h1 h2 — h3X aijaz — a3X
d0h1h2h3 P, Z Flur) o fWF) o glur) o d0813223 (piy 1o f)
h h h 0 8] Y
d3P3/E3 ay,az,a3 1/31 2 /o /
\ dn d?
» Up to NLO: neeT
dgsing a2(p3) [ 1ds® as(pR)
amas _ XS\HR/)| 2 1- SS\PRI ~(1) . 2
d*p3/p3 TS [ v dv 01— w)+ 2TVs C(s,viw) + O(aS)}
at fixed
s 1+ ‘ - (s < AR 1 )
[l vV = ] w = bl v Y XJ 1 — - w).
. st PT n tl
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» Structure of the singular term at NLO: [Aversa, Chiappetta, Greco, Guillet '89]

CW(s, v; w)= Cs ('”(1_W)> +Ca(s, V) <1> Gl )51 w).

l-w /| 1—w
» Our result at threshold, factorized in color space:

167N = (MO CDIMO) 1 ((MOIMD™) 1 c.c.)(1 - w).
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» Structure of the singular term at NLO: [Aversa, Chiappetta, Greco, Guillet '89]

CW(s, v; w)= Cs ('”(1_W)> +Ca(s, V) <1> Gl )51 w).

l-w /J_ 1—w
» Our result at threshold, factorized in color space:

167N = (MO c MOy 4 ((M(O)\M(l)ﬁ“> + c.c.)5(1 —w).

» Logarithmic terms: €M) = 2<In(1—w)> ct) - (1) c,
1-w /. 1-w/,

3 3
1- 2
c) =2y 1o, cV=2> T?(ln V+|n””>—2T§|n(1—v)
v S
i=1 i=1

+8(T1~T3|n(1—v)+T2~T3 Inv)—&-m.
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v

v

v

v

Structure of the singular term at NLO: [Aversa, Chiappetta, Greco, Guillet '89]

CW(s, v; w)= Cs ('”(1_W)> +Ca(s, V) <1> Gl )51 w).

l-w /| 1—w
Our result at threshold, factorized in color space:

167N = (MO CDIM) + ((MOIMD ) 4+ c.c.)o(1 - w).

Logarithmic terms: CM) = 2<In(1—w)> C(LIL) — (1) C(Ll)7
1-w /. 1-w/,

clt) = 2ZT2 T2, C(I—ZZT2<In

+8(T1~T3In(1—v)+T2~T3 |nv)+’y4.

12
) 2T2In(1—v)

Hard-virtual amplitude: MM ) =A@y — 10 () | M@y
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€ 4 €
" Ay e~ i 1 4’ s
(1) P«R _ ot ) KR
210 (e) = 1_6 l Z T T( o ) GZ%( L ) ]

i=1

2
T 4 ;
+5 (T§+T§+3T§— 3 ) E yiln ——F— “F + 7 In(1—v)

—v)
72T3Invln +2T2I T| ‘uFJrInvIn(lfv)(Tl‘ T-T3-T)
+T2.T3(27r +2|nv(2|n(1—v)—3|nv))—|—|n (1—v)(Ti+T3-TI)

+ T -T3(27r2+2ln(17 v) (In(1 — v)f2|nv)) +1In®v (T3 +T3) + Ka.
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€ 4 €
~ Ampd e N 1 4’ s
1) P«R 1 ) KR
210 (e) = 1_6 l Z T T( o ) GZ%( L ) ]

i=1

3
4 2.

72T3Invln +2T2I 1=vy, ‘uFJrInvIn(lfv)(Tl‘ T-T3-T)
v

+T2.T3(27r +2Inv(2|n(1—v)—3|nv))—|—|n (1—v)(Ti+T3-TI)

+T1-T3(27r2+2ln(17v)(In(lfv)f2Inv))+In2v(T§+T§)+K4.

v Consistent with (the dominant contribution of ) known results:

1. Photoproduction from gg and g channels [Gordon and Vogelsang '93]
2. qq and gg scattering [Aversa, Chiappetta, Greco, Guillet '89]
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i € 4 2 €
) Ay e 1 [ Ampks
21 = l Z T ( Le ) Ly (A

i=1

3
4 2.

72T3Invln +2T2I 1=vy, ‘uFJrInvIn(lfv)(Tl‘ T-T3-T)
v

+T2.T3(27r +2Inv(2|n(1—v)—3|nv)) +In*(1—v) (TI+T5-Ti)
+T1-T3(27r2+2ln(17v)(In(lfv)f2Inv)) +1In’v (T3 +T3) + Ka.

v Consistent with (the dominant contribution of ) known results:

1. Photoproduction from gg and g channels [Gordon and Vogelsang '93]
2. qq and gg scattering [Aversa, Chiappetta, Greco, Guillet '89]

» Resummation formula: [S.Catani, M.Grazzini, A.T. '13].

v/ Consistent with [D.de Florian, W.Vogelsang '05] at 7 = 0 (V = 1/2)
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2. tt pair production

» Similar to Drell-Yan: hy + h, — F(M,q71) + X.

q (‘A/ja qT)
» Logarithmically enhanced terms as q> < M?.
» Simple color algebra (T? = G;) :
LL-+NLL from soft-collinear radiation,
q X NLL from hard-collinear radiation.
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2. tt pair production

» Similar to Drell-Yan: hy + h, — F(M,q71) + X.

q (‘A/ja qT)
» Logarithmically enhanced terms as q> < M?.
» Simple color algebra (T? = G;) :
LL-+NLL from soft-collinear radiation,
q X NLL from hard-collinear radiation.

» Now F is replaced by Q(p3, T3) + Q(pa, Ta).

q Q » DY-like collinear emission [Berger, Meng '94].

@ » Q massive: additional source of soft radiation

— extra NLL + color correlations (T; - T;).

» Resummed result obtained in SCET
[H.T.Li, C.S.Li, D.Y.Shao, L.L.Yang, H.X.Zhu '13].

<
>
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» Distribution at fixed ¢* = pg + py

doy, —QQX (
M7 NNA f KF)
dqud/\/l2dy dQ Z ”l/b1

» Singular cross section (x% =q% /M,

Asing

and  Q ~ {y3, ¢3}:

®f HF) da’blszQQX

v/t GZ dzy dzy dR

212 = ¢ /WETS);

_ . ‘
bib—QRX W Z <Mgg_>QQ‘AcE;b1b2(X‘2r;zl7z2) |M

dxZ dz; dz, dQ

€=4q,9,8
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» Distribution at fixed ¢* = pg +py and Q~{ys, ¢3}:

A0 b, QRx Zf(w Fr) o dGp, b, QX

doZdM?dy dQ it @ The/be @ Ty dzy d2

» Singular cross section (x% =q>/M? zp=eF \/I\/I2/s)
Asing

b1 by— QQX ™ fin fi
O dzr dz, dQ WP > (MG g0l Aceinn (67 21,22) M 0)
T c=q,3.8

> Hard-virtual amplitude: | M o) = [1 ~ T2 (e) —THQ(G)} Mees00)-
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v

v

v

v

Distribution at fixed g* = pg + py
d0ph, p—@QX (
— f KF)
dqZdM2dy dQ Z /b @
Singular cross section (x% =q%/M?,
Asing
bih—QQRX T <Mfin _ ‘
dXT dz) dz, dQQ M2 ct=QQ

€=q,q.8

fin _
Hard-virtual amplitude: [M( | ) = [

DY-like soft and collinear emission

and Q ~ {y3,¢3}:

@ f, #F) d6-b1b2—>QQX
ha/b @ dx2 dz; dzo dQ

10 = W)

Ace b, (X5 21, 22) IMEL_ 05) -

1 122(€) = Tua(€)] Meess o)

AcE;blbg(X?['; 4 22) = ACDE\Cble(X%; 21,22) =+ AHQ(X%—) (5 (1=2) (5(1 2) + c.c.

Cb1
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v

v

v

v

Distribution at fixed g* = pg +py and Q~{ys, ¢3}:
Ao p5QRx Zf(w flur) o 90 00x
dq%dM?2dy dQ /by Tha /b, © dx2 dz; dz, dQ

Singular cross section (x% =q>/M? zp=eF \/I\/I2/s)
Asing

bbh—QRX T fi 2. fi
B s dzp a1~ W2, 2 Metsaal Actin (67121 2) IME )
€=q,q.8

Hard-virtual amplitude: |M2C_>QQ> = [1 —12Y(e) 7THQ(€):| M zs00)-

DY-like soft and collinear emission + emission from QQ:

ACE‘;blbz(X%_; 7, 22) = AcDZIblbz(X%; 21722) + AHQ(X%—) (5&19;21) (5(1 z2) + c.c.
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v

v

v

v

v

Distribution at fixed g* = pg +py and Q~{ys, ¢3}:
doph@0x  _ Zf(w flur) o _9Onbsodx
dq%dM?2dy dQ /by Tha /b, © dx2 dz; dz, dQ
Singular cross section (x% =q>/M? zp=eF \/I\/I2/s)
Asing
MZZ% =15 D (MG gal Acanb (T 21,2) M 0) -

€=q,q.8

Hard-virtual amplitude: |M22_>QQ> = {1 —12Y(e) —THQ(E):| M zs00)-

DY-like soft and collinear emission + emission from QQ:
(1-z) (5 (1= ZZ) +c.c.

Az, (X7 21, 22) = ANy 1, (X5 21, 22) + Anq(XF) 6,

© NLO, with (%Sr) normalization:

1/ M\ 1
AR (3) T 563) = () 5 PO () F0) 4 502 D)
€\ [p x2 ).
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2p;p;)
M-S e+ ST R o [
P DNt DU R N el i (o
=3, j:3:4
. 2
FO =3 120 <1+m§)ZT;.TJL12 <’2)+2T3 Ta o b
ey J i=1,2 ’ 4
j=3,4
with
5 2
L34:1Inﬂln 1+p37T 1+P47-,— —2Li i _1|n21+\/34
s m% mz 1+ v3 4 1—vay
. 1—vay i Love 1 S n?
+ Lip | 1 — ra; | +Li2 [ 1— ol
21:2{ 2< 14 v3a 34,1) 2( \/;rm,i 2 !
=1,
and
2.2 i
m2m i m
vig = [1—- 22 = 22 2
(p3ps) Prpa ¥ ms
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gr-subtraction

» Total cross section:

doNL0 = H @ dog +/qu

where  H < (M| M"Y and <

<dUtEJ> B (d0ﬁ> }
dar dar/crl’

regular as q7 — 0

dos
dqr

) = (MO)A| MOy,
CcT
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gr-subtraction

» Total cross section:

dos dos
NLO _ ttJ | tt
doiex =@ doo +/qu K dqr ) <dQT>CT] ’

regular as q7 — 0

where H & (MM and <d°“) & (MO|A|MO).
dar/ct

v qr-subtraction for tt + Jet implemented numerically [with H.Sargsyan]
and consistent with know results.

1 . . .
v r(-,-) consistent with e—poles In [Catani, Dittmaier, Trécsanyi '00]
and with T in [A Ferroglia, M.Neubert, B.D.Pecjak, L.L.Yang '09].

v F(#) consistent with [H.T.Li, C.S.Li, D.Y.Shao, L.L.Yang, H.X.Zhu "13]
in the gg channel (gg channel: check in progress).
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Conclusions

» We have considered a general method to calculate QCD corrections
in soft and collinear limits and we have applied it to hard-scattering
processes involving 4 hard QCD partons at LO.

» From our NLO results, we have extracted the color structure of the
logarithmically enhanced terms and of the hard-virtual amplitude.
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Conclusions

We have considered a general method to calculate QCD corrections
in soft and collinear limits and we have applied it to hard-scattering
processes involving 4 hard QCD partons at LO.

From our NLO results, we have extracted the color structure of the
logarithmically enhanced terms and of the hard-virtual amplitude.

. Single-hadron inclusive cross section at the partonic threshold.
NLO in agreement with known results.
All-order soft-gluon resummation formula (full NLL + some NNLL).
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Conclusions

We have considered a general method to calculate QCD corrections
in soft and collinear limits and we have applied it to hard-scattering
processes involving 4 hard QCD partons at LO.

From our NLO results, we have extracted the color structure of the
logarithmically enhanced terms and of the hard-virtual amplitude.

Single-hadron inclusive cross section at the partonic threshold.
NLO in agreement with known results.
All-order soft-gluon resummation formula (full NLL + some NNLL).

Production of a tt pair with small qr.
Agreement with known results at NLO.
gr-subtraction at NLO implemented.
Work in progress: qt-resummation.
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Thank you!

A.Torre
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Backup: all-order soft-gluon resummation

t t
> Interms of x, = — 2, r=2 p=""
S t s
6 MO 22
dUa1aza3 |Mglaza3a4(r,pT)‘ )
- Z th r; Pl 5 .
d3p3/pg (47TS)2 3132~>33( PT, UF qu)

» In Mellin space (N conjugated to Xw) [Bonciani, Catani, Mangano, Nason '03]

(M| AR [ M)

22(1333233,N = H Aa;,N,-(Q,'zvﬂ?)Ja4,N4(Qf) |M(0)|2 )

i=1,2,3

where [1305.3870]

As\llnt) VT \/N7 In VN_Z/ 1_2 ((l—z)2p%_)7f),

i#j
|MH> = [1 - IH] |M> .
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